Background--Racial differences in electrocardiographic (ECG) characteristics and prognostic significance among Whites and Asians are not well described.
and remodeling, and also predict mortality. [8] [9] [10] [11] [12] There is a widespread perception that ECG reference ranges should differ in Asians compared to Whites given smaller heart 13 and body sizes 14 in Asians and the dependence of ECG parameters on heart and chest size. However, prior studies were restricted to single races, highly selected individuals from clinical settings, or small subgroups of different races from the same country. Few studies have directly compared ECG characteristics between Asians and Whites from the general community, and none have examined differences in prognostic capability of ECG features. We therefore sought to compare ECG traits between White and Asian adults from the large prospective community-based cohorts of the Framingham Heart Study (FHS) and Singapore Longitudinal Aging Study (SLAS), respectively, and to investigate whether ECG features may differentially impact prognosis between Whites and Asians.
Methods Study Participants
Participants with ages ranging from 55 to 90 years from two large community-based cohorts were included: Whites from FHS and Asians from SLAS. FHS is a longitudinal populationbased study intended to examine risk factors of cardiovascular disease. Individuals attending the following baseline examinations were included: original cohort examination 26 (1999-2001) , offspring examination 7 (1998-2001) , and generation 3 examination 1 (2002) (2003) (2004) (2005) . [15] [16] [17] Of 8192
eligible FHS individuals, we excluded 4835 due to age <55 or >90 years, 433 without ECG data due to offsite exams, 200 due to history of myocardial infarction or heart failure, 30 due to missing covariates, 14 due to loss to follow-up, and 3 due to paced rhythm, leaving 2677 White participants for this analysis. Similarly, SLAS is a population-based longitudinal cohort study of aging and health. 18 Participants were community-living Asian adults recruited from the Singapore general population, identified by a door-to-door census of all residents within five districts in the southeastern region of Singapore. Of 3116 eligible participants recruited between the years of 2004 and 2014, we excluded 18 for age <55 and >90 years, 91 due to history of MI or heart failure, 30 for missing covariates, and 5 due to paced rhythm, leaving 2972 Asian participants for analysis. Both studies were approved by the respective institutional review boards, and informed consent was obtained from all the individual participants.
Clinical Assessment and Follow-Up
All participants underwent comprehensive clinical examination, medical history, anthropometrics, and fasting laboratory assessment at the baseline examination. Diabetes was defined as a fasting glucose level ≥126 mg/dL, nonfasting glucose ≥200 mg/dL, or the use of hypoglycemic drugs or insulin. Smoking was defined based on self-reported use of ≥1 cigarettes/day in the year prior to the examination. Participants in both studies were followed longitudinally with periodic examinations and health questionnaire updates. Vital status was obtained and verified via medical records and death certificates.
ECG Measurement
Standard resting 12-lead ECGs were performed. ECG characteristics were measured using the Marquette (now General Electric, Fairfield, CT) MAC 5000 machine (for FHS) and the 5500 machine (for SLAS) using identical definitions and coding sheets. Measurements were made in both studies using Marquette 12SL ECG (General Electric) analysis program for Pwave indices quantification. QRS voltage was defined as sum of R in aVL and S in V3. We defined left ventricular hypertrophy (LVH) by Cornell criteria (QRS voltage >28 mm in men and >20 mm in women). 19 Left atrial enlargement (LAE), QTc by 
Statistical Analysis
Baseline characteristics were examined by race and sex (White men, Asian men, White women, and Asian women). Multivariable linear regression was used to examine the association of race with the following ECG characteristics: PR interval, QRS duration, QT interval, and QRS voltage, presence of LVH, LAE, left bundle branch block (LBBB), and right bundle branch block (RBBB). Models were adjusted first for age and sex, and additionally for body mass index, systolic blood pressure, antihypertensive therapy, diabetes, smoking status, and heart rate. QTc Fram and QTc Baz were adjusted for all the above variables except heart rate. In secondary analyses, height and weight were substituted for body-mass index. The association of individual ECG characteristics and allcause mortality was then examined in the pooled sample using Cox regression models and adjusting for the same covariates as in cross-sectional analyses. We specifically tested for ECG9race and ECG9sex interaction terms. In secondary analyses, stratified analyses were performed by race and by sex. Given 4 primary ECG traits (PR interval, QRS duration, QT interval, and QRS voltage), after Bonferroni correction, a 2-tailed P value threshold of <0.05/4=0.0125 was considered statistically significant for primary analyses. Age-adjusted Kaplan-Meier curves 22 and a 3-degree-of-freedom Wald test were used to compare the survival in the 4 participant groups. All statistical analyses were conducted using SAS version 9.2 for Windows (SAS Institute, Cary, NC).
Results
A total of 2677 White participants (57% women, mean age 66AE9 years) were compared with 2972 Asian participants (64% women, mean age 66AE7 years). Asian participants were predominantly of Chinese origin, with a smaller proportion of Malay and Indian origin. Baseline clinical characteristics are presented by race and sex in Baseline ECG characteristics are presented by race and sex in Table 1 . LAE and LVH were more common among Asians than Whites. Prevalent conduction defects, including LBBB and RBBB, were uncommon. In both race groups, clinical correlates of ECG traits included age, sex, heart rate, body mass index, systolic blood pressure, antihypertensive therapy, diabetes, and smoking. 
Differences in ECG Characteristics between Whites and Asians
We examined race differences in continuous and dichotomous ECG traits after accounting for potential confounders, including age, blood pressure, antihypertensive therapy, heart rate, body mass index, smoking status, and diabetes mellitus ( With respect to dichotomous ECG traits, Asian men and women had increased odds of LVH compared with Whites (OR 3.6, 95% CI 1.4-9.4, P=0.01 for men; OR 1.9, 95% CI 1.4-2.8, P=0.0003 for women), and higher odds of LAE (OR 5.3, 95% CI 3.5-8.0 in men and OR 3.3, 95% CI 2.2-4.9 in women, P<0.0001 for both). Multivariable analyses were not performed for LBBB and RBBB due to low prevalence among both races, although LBBB appeared to be more common among Whites than among Asians, with P-values for Fisher's exact test presented in Table 2 .
ECG Characteristics Predict All-Cause Mortality
Over a mean follow-up period of 11AE3 years in FHS and 8AE3 years in SLAS, there were 660 (24.7%) deaths among Whites and 286 (10.3%) deaths among Asians. The cumulative incidence plots of death in men and women adjusted for age are displayed in Figure. Age-and sex-standardized mortality rates were 24.5 per 1000 person-years (95% CI 22.6-26.4) among Whites and 13.4 per 1000 person-years (95% CI 11.8-15.0) among Asians.
In the overall sample, a longer QRS duration was associated with all-cause mortality in multivariable adjusted Cox models (hazard ratio [HR] 1.09 per 1 standard deviation [SD] increase in QRS duration, 95% CI 1.03-1.15, P=0.003, Table 3 ). Longer QTc Fram and QTc Baz were also associated with mortality (P<0.0001 for both), as was higher QRS voltage (HR 1.12, 95% CI 1.05-1.20, P=0.0009). The presence of LVH was associated with a 73% increased mortality (HR 1.73, 95% CI 1.33-2.24, P<0.0001). Similarly, the presence of LAE conferred a higher risk of mortality (HR 1.41, 95% CI 1.12-1.77, P=0.004). We found no significant association of RBBB or LBBB with mortality, although hazard ratio point estimates were greater than 1.
The Associations of ECG Characteristics with Mortality Are Modified by Race and Sex
We tested for ECG9cohort and ECG9sex interactions (Table 3) . Race appeared to be an effect modifier for the association of LVH and mortality, with a suggestive P value for Table 4 ).
In the overall population, we also noted that the effect of QTc on mortality appeared to be modified by sex (P for interaction=0.01 for QTc Fram and 0.004 for QTc Baz ; Table 3 ). In analyses stratified by sex, QTc Baz appeared to predict mortality in both men and women (P<0.0001 and P=0.03, respectively, Table 4 ). In contrast, QTc Fram predicted all-cause death only in men (HR 1.23, 95% CI 1.14-1.33, P<0.0001) but not women (HR 1.07, 95% CI 0.98-1.16, P=0.14).
Discussion
We provide the first ECG data from two large prospective longitudinal community-based studies showing significant differences in ECG characteristics between White and Asian adults with no apparent cardiovascular disease. Specifically, PR interval was longer among Asians than Whites. Asians had about 2-fold the prevalence of both LAE and LVH than Whites. QT interval was shorter in Asian men but longer in Asian women compared with White men and women, respectively. These ECG differences were not explained by differences in known cardiovascular disease risk factors. Furthermore, the effect of some ECG characteristics on prognosis appeared to be modified by race. Specifically, LVH was associated with a greater increased risk of death in Asians compared with Whites.
Historically, ECG reference limits have been derived from Western White populations. Limited studies 23, 24 have described the distribution of ECG traits in Asians and examined their associations with cardiovascular disease. However, there are no comparative data that investigate differences in ECG characteristics and their prognostic significance in Asians versus Whites in population-based samples. Interestingly, we found divergent race differences Figure. Cumulative incidence of mortality by cohort and sex adjusted for age. SLAS men had the highest incidence of mortality, followed by FHS men, SLAS women, and FHS women. Hazard ratio is per SD change in continuous variables, and from comparison of the presence of dichotomous variables to their absence. CI indicates confidence interval; ECG, electrocardiogram; HR, hazard ratio; LBBB, left bundle branch block; LVH, left ventricular hypertrophy; RBBB, right bundle branch block. *Adjusted for body mass index, heart rate (except QTc), systolic blood pressure, antihypertensive therapy, diabetes, and smoking.
among men and women for QT interval, which was shorter in Asian men and longer in Asian women compared with White men and women, respectively. This difference held true for both QTc Fram and QTc Baz . Sex differences in QT interval have previously been described, 25, 26 and we now show that this sex difference is even more pronounced among Asians. The underlying mechanism of this difference is not well understood but may be related to the effect of sex hormones on myocyte conduction. In an experimental model, inhibition of L-type calcium current in the cardiac cell by testosterone shortened the action potential in men, contributing to short-QT interval. 27 Several studies have shown that dietary, environmental, 28 and genetic polymorphisms 29 are associated with differences in the testosterone production and metabolism between Asians and Whites. Furthermore, in a genome-wide association study on QT interval in a multiethnic population including Asians and Whites, there were 4 single nucleotide polymorphisms (rs10919071, rs2968863, rs2968864, and rs17779747) associated with QT interval that were noted to have significant heterogeneity in effect between Asians and Whites. 30 Thus, heterogeneity in genetic determinants may contribute to the difference in QT interval distribution between Asians and Whites observed in our study. Future studies will be needed to explore whether race-specific reference ranges for QT interval may be appropriate.
Although the QT interval did not differentially predict prognosis among races, we noted sex differences wherein a longer QTc was associated with a worse prognosis in men but not in women. Sex differences in QT interval and prognosis have been noted previously: Nielsen et al studied the risk prediction of cardiovascular disease based on QT interval subgroups in men and women of age groups 50 to 70 years and 70 to 90 years separately. 10 He found that in people with very long QT intervals (≥99th percentile), the incidence of cardiovascular disease and all-cause mortality was higher in men than women. Further, adding QTc Fram to a model predicting cardiovascular disease resulted in greater improvements in the c-statistic in men compared with women between 50 and 70 years of age. Our data are consistent with these prior studies showing that QT interval has a greater prognostic significance in men compared to women. We found that the proportion of subjects with LVH was higher in Asians (both men and women) than in Whites. Chahal et al 31 showed that the prevalence of LVH by echocardiography was higher in UK Indian Asians compared with European Whites. In contrast, another study 32 including
South Asians and Whites showed that there was no difference in the proportion of ECG-diagnosed LVH between these two groups after adjustment for body mass index. However, this prior study was limited to hypertensive individuals, potentially explaining the difference with our current findings in community-based adults. Our findings therefore extend the prior data showing that ECG LVH was more prevalent among Asians than Whites in the general community, a finding independent of racial differences in body size or cardiovascular risk factors. Furthermore, we found that LVH was more strongly associated with mortality in Asians compared with Whites. This is consistent with ethnic differences in LVH-related mortality risk reported in African Americans, Whites, and Latinos, 33 where ECG-defined LVH was associated with a higher risk for mortality in African Americans compared with the other two groups after adjustment for cardiovascular risk factors. Intriguingly, the standard Cornell ECG criteria for LVH (which was derived in Whites) may need to be scaled downward in Asians, consistent with the smaller normal heart sizes and correspondingly smaller ECG complexes in Asian compared with White adults. 34 Thus, fulfillment of standard Cornell ECG criteria for LVH in Asians may signify greater deviation from normal compared with the same criteria applied in Whites, and this may explain the observed higher mortality risk in Asians than in Whites with standard Cornellpositive LVH. Further studies are needed to elucidate potential drivers of differences in survival and also to evaluate the potential need for race-specific ECG reference ranges.
There are several limitations of our study worth noting. We acknowledge that despite adjusting for traditional cardiovascular risk factors, we were unable to adjust for renal function, dietary, socioeconomic, and environmental differences, and cannot rule out residual confounding in the observed associations. Systematic ECG measurement differences between our two cohorts are unlikely given the divergent sex differences observed for a single measurement variable (eg, QT interval) and the demonstrated high reproducibility of measurements. We only report all-cause mortality; ECG changes may be reasonably expected to relate more closely to cardiovascular than to noncardiovascular deaths. Last, ethnic diversity within the Asian population studied needs to be acknowledged. Approximately 90% of our sample was Chinese, with fewer Malay and Indian participants. Given the diversity in cardiovascular disease incidence and mortality among different South Asian races, 35 our result may not be generalizable to all Asians.
Conclusion
In summary, we demonstrate significant differences in ECG characteristics between White and Asian adults with no apparent cardiovascular disease from two large prospective longitudinal community-based studies. Compared with Whites, Asians had longer PR intervals and about 2-fold greater odds of LVH. The QT interval was shorter in Asian men but longer in Asian women compared with White men and women, respectively. These ECG differences were not explained by differences in body size or prevalence of known cardiovascular disease risk factors. ECG characteristics exhibited interracial differences in their relationships to prognosis. LVH predicted a greater increased risk of death in Asians than Whites. These differences carry implications for race-specific ECG reference ranges and prediction of cardiovascular risk.
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